Infection of immature pea pods with Fusarium solani f.sp. phascoli (a non-pathogen of peas) or f.sp. pisi (a pea pathogen) resulted in induction of chitinase and 8-1,3-glucanase. Within 30 hours, activities of the two enzymes increased 9-fold and 4-fold, respectively. Chitinase and j8-1,3-glucanase were also induced by autoclaved spores of the two F. solani strains and by the known elicitors of phytoalexins in pea pods, cadmium ions, actinomycin D, and chitosan. Furthermore, exogenously applied ethylene caused an increase of chitinase and ,-1,3-gucanase in uninfected pods. Fungal infection or treatment with elicitors strongly increased ethylene production by immature pea pods. Infected or elicitor-treated pea pods were incubated with aminoethoxyvinylglycine, a specific inhibitor of ethylene biosynthesis. This lowered stress ethylene production to or below the level of uninfected controls; however, chitinase and P-1,3-glucanase were still strongly induced. It is concluded that ethylene and fungal infection or elicitors are separate, independent signals for the induction of chitinase and 8B-1,3-glucanase.
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Many plants respond to an attack by pathogens with an enhanced ethylene production (20, 23, 26) . Exogenously applied ethylene has been found to activate or enhance biochemical defenses against potential pathogens in a number of cases (4) . It has been hypothesized, therefore, that the endogenously produced stress ethylene may function as a signal for the plant to enhance or activate its defenses against pathogens (4, 20, 26) .
Two recent studies tested this hypothesis by manipulation of stress ethylene biosynthesis in diseased plants (18, 23) . In soybean cotyledons treated with a fungal elicitor, suppression of ethylene biosynthesis by AVG2 did not reduce phytoalexin production (18) , while in diseased melon seedlings, an AVG treatment only slightly reduced the biosynthesis of hydroxyproline-rich cell wall glycoprotein, a substance implicated in defense (23) .
These studies indicate that endogenous stress ethylene has little importance in the induction of biochemical defenses against pathogens. However, interpretation of their results is difficult since exogenously applied ethylene had only a small effect (9, 23) or none at all (18) on the defense reaction in question.
Exogenously applied ethylene induces a large increase of chitinase and f-1,3-glucanase in a number of plants (1, 5 (2) . Their potential to degrade cell walls of pathogens has been established (5, 13, 25, 27) . Chitinase acts also as a lysozyme (5); it has no known function in the plant's own metabolism since there is no chitin-like substrate present in higher plants (5) .
Activities of chitinase (19, 21) and of fl-1,3-glucanase (15, 16, For enzyme extraction from fungi, spores from F. solani f.sp. pisi and phaseoli were cultured 48 h in Vogel's medium as described (10) . The mycelia were harvested by filtration, washed with water, frozen in liquid nitrogen, and then extracted as described above.
Enzyme Assays. Chitinase activity was measured with either the colorimetric or the radiometric assay for endochitinase described earlier (5) . Preliminary results using uninfected and infected pea pods showed that the two assays yielded identical results, as had been demonstrated earlier for chitinase from bean leaves (5) . For the colorimetric assay, the reaction mixture contained, in 0.5 ml: 50 ul appropriately diluted crude enzyme preparation, 0.8 mg colloidal chitin, 10 Mmol sodium phosphate buffer (pH 6.4). The mixture was incubated in a shaking water bath at 37C for 1 h. The reaction was stopped by centrifugation. Of the resulting supernatant, 0.3 ml were incubated with 0.02 ml 3% (w/v) desalted snail gut juice (5) to hydrolyze the liberated, water-soluble chitin oligomers to GlcNAc. The resulting GlcNAc was determined according to Reissig et al. (22) , using internal standards in the assay mixtures for calculations (5) . The radiometric assay employed 3H-labeled regenerated chitin as a substrate. The reaction mixture consisted of appropriately diluted crude enzyme, 0.8 mg [3H]chitin, 5 gmol sodium phosphate buffer (pH 6.4) in a final volume of 0.25 ml. The reaction was stopped after 1 h incubation at 30C by the addition of 0.25 ml 10% (w/v) TCA. After centrifugation, the radioactivity was determined in 0.3 ml of the supernatant.
Because product formation was not a linear function of enzyme concentration, activity was calculated for an enzyme concentration approaching zero using standard curves (5) . The amount of enzyme producing 1 nmol min-' GlcNAc equivalents at infinite dilution was defined as one milliunit (mu). Each value determined is the mean of four replicate assays; with the enzyme dilutions employed, the average SD of the replicates was 9% of the mean.
f-1,3-Glucanase activity was determined by measuring the release of reducing sugars (8) from laminarin, treated with sodium borohydride to eliminate its high background of reducing sugars (7) . The assay mixture contained in a total volume of 0.5 ml: 100 1l appropriately diluted desalted enzyme extract, 1 mg reduced laminarin, 10 jAmol sodium acetate buffer (pH 5.0).
After incubation (20 min at 37C), the reducing sugar content was determined with the neocuproine method (8) . Product formation was a linear function of enzyme concentration from 10 to 200 nmol glucose equivalents. One milliunit (mu) was defined as the amount of enzyme which liberates 1 nmol min-' glucose equivalents. All assays and calculations included internal standards and enzyme and substrate blanks. Each value determined is the mean of two replicate assays that varied 5% in the average, and is expressed per ml crude enzyme preparation, using the protein values before and after chromatography to account for the dilution during des-dlting.
Ethylene Determination. Immature pea pods were treated as described and incubated at 25C on wet filter paper in the dark in sealed 1 50-ml flasks. Gas samples (1 ml) were withdrawn at intervals, and ethylene concentration was determined on a gas chromatograph equipped with an aluminum oxide column and a flame ionization detector. Ethylene production (per g fresh weight) was calculated as the mean of three independently incubated samples of six halfpods which varied 10% in the average. Each experiment was repeated at least once.
RESULTS
Induction of Chitinase and f,-Glucanase. Freshly excised, split immature pea pods contained low but easily measurable activities of chitinase and f,-1,3-glucanase (Fig. 1, zero time) .
When the pods were treated with sterile water and incubated in a moist chamber in the dark, chitinase activity changed little for up to 30 h (Fig. IA) Table I) . The dose applied (10 nl ml-') was saturating for induction (data not shown). The inducing effects ofFusarium solani f.sp. phaseoli and ofethylene were not additive when both stimuli were used in combination (Table I) .
Ethylene Production. The rate of ethylene production strongly increased in excised, split pea pods after a lag of about 1 h (Fig.  2 ). This was a typical wound response (26) ; excised but unsplit pods produced little ethylene during incubation (Fig. 4) . In the uninfected, split pods, ethylene production reached a maximum after 5 h and fell back to the initial, low values after 15 h. In pea pods infected with F. solani, ethylene was produced at much higher rates during a period of 3 to 15 h after infection (Fig. 2) . Autoclaved spores of both fungal strains also induced ethylene production above the control values (Fig. 2) , indicating that factors other than mechanical wounding played a role in pathogen-induced ethylene formation. Fungal elicitors might be one such factor since chitosan and colloidal chitin caused an increase in ethylene production as well (Fig. 3) . Autoclaved spores and chitin not only increased stress ethylene formation but also induced chitinase and fl-1,3-glucanase activities (Table II) , like living spores and chitosan (Fig. 1 ). An abiotic elicitor, CdCl2, and IAA strongly induced ethylene formation (Fig. 4) Treatment ofthe pods with ACC resulted in increased ethylene production, particularly during the first hours (Fig. 3) . This indicates that ethylene synthesis in untreated pods is limited by the supply of endogenous ACC, and that the increase in ethylene production upon wounding and infection is due, at least in part, to increased biosynthesis of ACC. Results with AVG, a specific inhibitor of ACC synthase (3), supported this: AVG inhibited ethylene formation in uninfected controls and in infected pea pods (Fig. 2) as well as in elicitor-treated (Fig. 3) or IAA-treated (Fig. 4) pea pods.
The shape of the curves relating ethylene production rate to incubation time was similar for all treatments (Figs. 2-4) . The time sequence of ethylene production in infected pods relative to the induction of chitinase and P-1,3-glucanase (Fig. 1) was used to test this. Infected pea pods treated with 3 mM AVG (25 ,A/half pod) had stress ethylene production at or below the level of untreated control half pods (Fig. 2) . At 1 mM AVG or less, stress ethylene production was not lowered to control levels in infected pods (data not shown). The AVG treatment in itself did not induce chitinase and ,B-I,3-glucanase (Table III) . To test if the AVG treatment had side effects on the induction of chitinase and jB-1,3-glucanase, pea pods were incubated with exogenous ethylene in the presence and absence of AVG. The two enzymes were slightly less induced in the presence of AVG than in its absence (Table III) , indicating a marginal unspecific effect of AVG on enzyme induction.
In pods infected with F. solani f.sp. pisi or phaseoli, AVG inhibited the induction of chitinase and fl-1,3-glucanase only slightly, although it lowered stress ethylene to or below the level of the water-treated controls (Table III) . Similar results were obtained for the biotic elicitor, chitosan, and for the abiotic elicitors, CdCI2 and actinomycin D: all induced chitinase and ,B-1,3-glucanase in the absence of AVG, when stress ethylene was formed, as well as in its presence, when ethylene production was lowered to levels considerably below the control (Table III) . The effect of auxin was different. High concentrations of IAA strongly stimulated ethylene production and resulted in an induction of chitinase and P-1,3-glucanase (Table III) . However, in this case, induction depended on the increased ethylene formation since AVG prevented the induction ofthe two hydrolases (Table III) .
CoCl2 strongly inhibited ethylene formation; it did not affect the activities of chitinase or 3-1,3-glucanase (data not shown). Different size classes ofpolylysine, polycations like chitosan, had little or no effect on ethylene production and no effect on enzyme induction (data not shown).
DISCUSSION
In immature pea pods infected with pathogens or treated with elicitors, the activities ofchitinase and ,3-1 ,3-glucanase are rapidly 25 ,gl 3 mM AVG per halfpod (+AVG treatment), the other half 25 1d sterile water per halfpod (-AVG treatment). Ethylene formation and activities ofchitinase (radiometric assay) and fB-1,3-glucanase were detemined after 24 h. Control values were 10.5 ± 2 nmol g-' d-' for ethylene production, 250 ± 30 mu ml-' for chitinase, and 230 ± 50 mu ml-' for ,-1,3-glucanase activities. The experiments were repeated at least once with similar results. (Fig. 1 ). An earlier study ofinfected immature pea pods indicated considerable changes of the activities of the same two enzymes in the first 6 h after infection (17) . We were unable to reproduce these results; we were also unable to detect the chitosanase activity that had been reported previously from the same tissue (17) . The erratic results of the earlier study on chitinase (17) may have been due to the use of an exochitinase assay (1) which proved to be unsuitable for pea pods like for bean leaves (5).
In infected pea pods, chitinase and fl-1,3-glucanase were induced with similar kinetics. Similar results have been obtained in ethylene-treated bean leaves (1, 5) and, albeit on a more extended time scale, in tomato plants infected with Verticillium albo-atrum (19, 21) . This indicates a strongly coordinated regulation of the two enzymes and is in line with their postulated defensive function (1, 4, 19) .
There were no significant differences in the induction of the two hydrolases between compatible and incompatible interactions. Thus, the enzymes do not seem to be directly involved in determining disease specificity in the pea-Fusarium interactions. This does not exclude the possibility that they are important for the resistance against the incompatible fungus. Resistance ofpea tissue to F. solani f.sp. phaseoli appears to be associated with the synthesis ofabout 20 major pea proteins (1 1, 24) . Ifthe (Table III) . In the infected and elicitor-treated pods, chitinase and f-1,3-glucanase were still strongly induced in the presence of AVG (Table III) . In contrast, the induction of the two hydrolases by IAA was prevented when ethylene formation was inhibited by AVG (Table III). Thus, enhanced ethylene production appears to act as a second messenger for the induction of chitinase and ,B-1,3-glucanase by IAA but not for the induction by fungal infection and by biotic or abiotic elicitors. The enhanced stress ethylene production observed normally with the latter treatments is not a necessary signal for the induction of the two enzymes.
A similar conclusion was reached in the case of the induction of phytoalexins by fungal elicitors in soybean cotyledons (18) . There, AVG treatments eliminated stress ethylene production but did not affect phytoalexin accumulation. Thus, as in our case, ethylene was only an 'indicator but not an inducer of phytoalexin production. It should be noted, however, that exogenous ethylene does not induce phytoalexin accumulation in soybean cotyledons (18) , and thus, endogenous ethylene is not really expected to be an inducer. In contrast, work on the accumulation of hydroxyproline-rich glycoprotein, a substance possibly involved in defense, came to a different conclusion (23) . In melon seedlings infected with Colletotrichum lagenarium, AVG inhibited the biosynthesis ofhydroxyproline-rich glycoproteins in the cell walls by about 20%, and this was taken as an indication that endogenous ethylene functioned as an inducer. Unfortunately, the effect seems so small, compared to the 9-fold stimulation of the synthesis of hydroxyproline-rich glycoprotein in the course of infection, that its significance remains somewhat doubtful. Again, a problem of this system is the small effect of exogenously applied ethylene: At a concentration of 500 nl ml', it increased the amount of hydroxyproline-rich glycoprotein in the cell walls by a factor of only 2 in 7 d (9) .
Chitinase and -1,3-glucanase have a defense potential against fungi; thus, it may be advantageous for the plant to induce the two enzymes in direct response to a fungal infection. However, ,B-1,3-glucanase (15) and chitinase (A. Gehri, unpublished) are also induced when plants display defense reactions (the hypersensitive response) against virus infections. It will be of interest to examine whether or not the hydrolases are induced indirectly in response to endogenous stress ethylene in this case.
CONCLUSION
From these results, we conclude that ethylene and elicitors are separate, independent stimuli for the induction of chitinase and ,-I,3-glucanase, and that enhanced stress ethylene production is a symptom, but not a necessary signal for the observed induction of the two hydrolases in infected pea pods.
